Quantitative measurement of the medial surface dynamics of the vocal folds is important for understanding how sound is generated within the larynx. Building upon previous excised hemilarynx studies, the present study extended the hemilarynx methodology to the in vivo canine larynx. Through use of an in vivo model, the medial surface dynamics of the vocal fold were examined as a function of active thyroarytenoid muscle contraction. Data were collected using high-speed digital imaging at a sampling frequency of 2000 Hz, and a spatial resolution of 1024 ϫ1024 pixels. Chest-like and fry-like vibrations were observed, but could not be distinguished based on the input stimulation current to the recurrent laryngeal nerve. The subglottal pressure did distinguish the registers, as did an estimate of the thyroarytenoid muscle activity. Upon quantification of the three-dimensional motion, the method of Empirical Eigenfunctions was used to extract the underlying modes of vibration, and to investigate mechanisms of sustained oscillation. Results were compared with previous findings from excised larynx experiments and theoretical models.
I. INTRODUCTION
Although voice production is a critical component of human communication, the process of voice generation is not well understood, particularly with regard to the voice source. Because of the small size and inaccessibility of the larynx, the possibilities for laryngeal imaging are limited. Most in vivo recordings of vocal fold vibration have been performed from a superior aspect using endoscopy. [1] [2] [3] From this aspect, it is impossible to quantify the medial surface dynamics of the vocal folds, which describe the opening and closing of the glottis that generates sound. From a superior aspect, it is also impossible to quantify the propagation of the mucosal wave along the medial surface of the folds. Because of these limitations, clinicians usually refer to mucosal wave propagation along the superior surface of the folds, where they see the wave more clearly. Unfortunately, the mucosal wave attenuates quickly upon reaching the superior surface of the folds.
In terms of its influence on voice production, the most critical region of mucosal wave propagation occurs on the medial surface of the vocal folds, where it originates. 4, 5 Before reaching the superior surface, the wave travels a relatively long distance along the medial surface, it generates significant tissue vibrations that exhibit geometric and viscoelastic nonlinearities, 6, 7 and it couples nonlinearly with other systems, including the opposite vocal fold ͑e.g., through collision during glottal closure͒ and sub-and supraglottal systems ͑e.g., through fluid-structure interactions with the glottal airflow͒. 8 Indeed, mucosal wave propagation along the medial surface of the folds is governed by a very complex set of dynamics that is only beginning to be understood. 5 The modeling of such complexity is still in its infancy, and requires further quantitative data for validation. Hence, quantification of the medial surface dynamics of the vocal folds holds promise for increasing our understanding of voice production and for supporting computational modeling efforts. [9] [10] [11] Because of the difficulty in imaging the medial surface of the vocal folds, only a few quantitative studies have attempted such imaging. [12] [13] [14] [15] [16] However, of these investigations, Berry et al. 16 was the only study to image and quantify the medial surface of the vocal folds with sufficient spatial and temporal resolution to enable extraction of the underlying modes of vibration, sometimes referred to as Empirical Eigenfunctions. 17 Such modes have been shown to be helpful for investigating mechanisms of both normal and abnormal voice production. 16, 17 One of the limitations of the previous study of medial surface dynamics was the use of the excised larynx, 16 which neglected the influence of the thyroarytenoid ͑TA͒ muscle on vocal fold vibration. With the excised larynx, laryngeal adjustments were implemented through means of external forces. For example, an external force that pulled downward on the thyroarytenoid notch caused the thyroarytenoid cartilage to rock forward on the cricoid cartilage, lengthening the vocal fold. Similarly, an external force that pulled anteriorly on the muscular process caused the arytenoid to rock anteriorly and medially, adducting the vocal process. However, while such external forces can simulate many laryngeal adjustments, they cannot simulate TA contraction. The simultaneous contraction, stiffening, and medial surface bulging of the TA can only occur through active muscular contraction. 18 Muscle shortening and medial surface bulging create a deeper medial surface over which the mucosal wave propagates, impacting the medial surface dynamics of the vocal a͒ Electronic mail: michael.doellinger@gmx.net fold. Increased muscle stiffness may also increase the velocity of the mucosal wave. In addition, TA muscular adjustment is a critical factor influencing vocal registers, such as falsetto and chest. 18 For example, in the chest register, increased TA muscle contraction significantly increases the rate of closure.
On the other hand, the absence of TA muscle contraction simulates a condition of paralysis of the membranous vocal folds, in which the stiffness of the muscle is reduced, approaching the significantly lower stiffness of the cover. 19 In this situation, the vocal folds experience large vertical excursions, reduced mucosal wave velocity, and a relatively gentle closure of the membranous vocal folds. Interestingly, this is the only condition of the membranous glottis that can be simulated in the excised larynx, because the TA is denervated in this model. The inability to model active TA contraction limits the range of glottal conditions that can be investigated in the excised larynx model. The inclusion of the in vivo canine laryngeal model broadens the scope of an investigation of the medial surface dynamics of the vocal fold, allowing a more representative range of normal and pathological glottal conditions to be investigated.
Nevertheless, because of the invasive nature of the hemilarynx setup, many technical challenges were involved in adapting it for an in vivo study. Hence, the purpose of the present investigation was to demonstrate the viability of the hemilarynx model in quantifying the medial surface dynamics of an in vivo canine vocal fold as a function of active contraction of the thyroarytenoid muscle; to extract the underlying modes of vibration; and to investigate mechanisms of sustained oscillation.
II. MATERIAL AND METHODS

A. Experimental setup
The experimental setup in this study was an adaptation of recent work with an excised hemilarynx methodology. 16, 20, 21 The work was also inspired by previous quantitative imaging of a full excised larynx by Baer, 12 previous excised hemilarynx work by Jiang and Titze, 14 and previous investigations of the in vivo canine laryngeal model by Berke et al., 22 and Bielamowicz et al.
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A male mongrel canine, weighing 25 kg, was selected for the study. The canine was premedicated intramuscularly with acepromazine and buprenex. Over the course of the experiment, halothane ventilation and intravenous pentobaritol was administered to prevent reflexive response to corneal stimulation. Following the experiment, the canine was humanely sacrificed with intravenous Eutha-6.
The canine was placed supine on an operating table. A hemilarynx was created through means of a neck dissection and a hemilaryngectomy, which included the removal of half of the hyoid bone. To provide a controlled air supply for phonation, air was insufflated rostrally through a tracheostomy. For the vibration patterns reported in this study, the glottal airflow was held relatively constant at 660Ϯ15 ml/s, and the subglottal pressure was varied between 1.2 and 3.7 kPa. The air was heated ͑37°C͒ and humidified using a humidifier ͑Concha Therm III, Servo-Controlled Heater͒. The canine was assist-ventilated ͑Monaghan 300 D/M Ventilator͒ with 4 L/min O 2 via an endotracheal tube. A schematic representation of the experimental setup is shown in Fig. 1 .
So that specific flesh points could be tracked during the experiments, small black monofilament nylon microsutures were placed on the medial surface of the vocal fold ͑size: 9-0, diameter: 0.034 mm, Ethicon, Inc.͒. To minimize any disturbance of the natural dynamics, the microsutures were positioned to penetrate only the mucosal epithelium, with a reported thickness of 0.05-0.1 mm. 24 Five columns of microsutures with five microsutures per column were mounted along the medial-superior surface of the vocal fold, where the greatest amplitudes of vibration were expected to occur; see Fig. 2 . The distance between the flesh points were 3.1 Ϯ0.2 mm in the anterior-posterior direction and 2.1 Ϯ0.2 mm in the vertical direction.
Next, the trachea was mounted over a stainless steel cylindrical tube with an inner diameter of 8 mm. A wedge was mounted within the tube to smoothly channel the airflow beneath the vocal fold. At the top of the tube, a glass plate ͑width: 61.2 mm, height: 61.1 mm, thickness: 3.2 mm was mounted at the glottal midline; Fig. 1 . To eliminate airflow leaks between the vocal fold and the glass plate, strips of gauze, coated with vacuum grease, were inserted between them. The preparation of the experiment took approximately four hours. Following preparation, the experiment itself took less than two hours.
To simultaneously achieve muscle contraction, muscle stiffening, medial surface bulging, and vocal fold adduction, the recurrent laryngeal nerve ͑RLN͒ was stimulated using a constant-current nerve stimulator ͑WR Medical Electronics Co. Model 2SLH, St. Paul, MN͒. The RLN was stimulated with currents ranging from 0.04 -0.08 mA at 80 Hz, with a 1.5 ms pulse duration. 22, 23 The superior laryngeal nerve ͑SLN͒ was not stimulated. The RLN was isolated 5 cm inferior to the larynx in the tracheoesophageal groove. Custom designed rubber electrodes ͑monopolar, flexible, conductive neopreme with silicone, and silicone insulation KE45͒ were applied to the isolated nerve at the most proximal point dissected. Electrical isolation of the nerve was confirmed by direct visualization of the vocal folds during stimulation. The animal required dissection and division of the posterior branch of the RLN to the posterior cricoarytenoid muscle to achieve adduction and modal phonation.
For calibration purposes, a brass cube (5.04 mm ϫ5.04 mmϫ5.06 mm) was glued to the glass plate superior to the vocal fold. The cube was large enough that one could identify its corners and edges, but small enough to avoid significant disturbance of the glottal airflow ͑Fig. 1͒. A rightangle prism was placed against the glass plate, on the side opposite to the vocal fold. The prism yielded two different camera views, 16 which was necessary for the computation of three-dimensional movement. 25 The prism was large enough to yield a view of the entire medial surface of the vocal fold.
The vibrations of the vocal fold were imaged with a high-speed digital camera ͑Fastcam-Ultima APX, Photron Unlimited, Inc.͒ with a 200 mm lens ͑AF MICRO NIKKOR͒ at a frame rate of 2000 Hz and spatial resolution of 1024 ϫ1024 pixels. Three 150 W lamps ͑MI-150 Illuminator, Dolan-Jenner, Inc.͒ served as light sources. The light sources were only applied for a few seconds at a time during imaging to prevent tissue dehydration. Appropriate tissue hydration was further facilitated using a humidified air supply, as already described. The acoustical signal was simultaneously recorded at a distance of 10 cm to the acoustical source with a condenser microphone ͑Model No. 4193, Brüel & Kjaer Inc.͒ and digitized at 44.1 kHz. The high-speed recording and the acoustical signal were synchronized through means of an external trigger.
B. Extraction of flesh points
Two primary issues complicated automatic detection of the mounted sutures ͑i.e., automatic flesh point extraction͒. First, the sutures on the superior surface of the folds ͑the top two anterior-posterior rows of sutures͒ were concealed during portions of the glottal cycle ͑Fig. 2͒. Second, the close proximity of the sutures sometimes resulted in overlapping trajectories. Hence, a semi-automatic algorithm was developed, which allowed user intervention to correct possible errors. The algorithm was implemented as follows: First, to increase visibility of the flesh points, all frames were contrast enhanced. 26 Next, for the first five frames, the flesh point positions were selected manually. From these data, the mean values and the variances of each flesh point were computed. In succeeding frames, flesh point positions were determined automatically: a quadratic extrapolation estimated the new flesh point position, a search was performed around this position, with a radius corresponding to the predetermined variance, to locate the cluster of points with the lowest gray values ͑darkest points͒. The center of mass of these points was selected as the new flesh point position, and the mean values and variances were appropriately updated. As previously indicated, manual intervention was allowed to correct possible errors.
C. Computation of physical coordinates
To compute the three-dimensional coordinates of the flesh points, at least two two-dimensional camera views were necessary. 25 As in Berry et al., 16 the split view through the prism provided the two camera views ͑Fig. 2͒. In the previous hemilarynx study, 16 calibration was performed at the end of the experiment using a Direct Linear Transform ͑DLT͒. This method would be inappropriate for the in vivo canine, because it would be impossible to keep camera parameters constant across experimental conditions. For example, canine breathing caused lifting and lowering of the chest and the hemilarynx setup ͑i.e., the prism and the glass plate with a cube͒. Stimulating the RLN repositioned the vocal fold at the glass plate. The vocal fold vibrations themselves could potentially induce slight translations of the experimental setup. Also, because of the high sampling rates required to capture laryngeal vibrations, along with the high light intensity, and low f stop ͑i.e., small depth of field͒, it was often necessary to refocus the camera to maintain sharp focus across experimental conditions.
To deal with the possibility of changing camera parameters, a calibration object ͑i.e., a brass cube͒ was present in each imaging frame; see Fig. 2 . Because the cube was situated above the vocal fold, an extrapolation had to be performed to compute the physical coordinates of the sutures. This disqualified the use of the DLT, [27] [28] [29] [30] which works well under interpolation, but not under extrapolation. 31 Consequently, a linear approximation method ͑LA method͒ was implemented. In a recent excised hemilarynx investigation, the LA method yielded a more accurate calibration than the DLT, 20, 21 presumably because of the DLT's poor extrapolation performance.
The primary assumption of the LA method was that parallel projections were preserved in the two different camera views. In other words, the parallel edges of the brass cube would remain parallel in both camera views; see Fig. 3 . For this assumption to be valid, the camera lens had to be positioned approximately perpendicular to the glass plate ͑Fig. 1͒. This assumption was not difficult to satisfy given the relatively small region of interest ͑e.g., approximately a 1 cm width, 1 cm height, and 0.5 cm depth͒; Fig. 2 . Therefore, any distortions caused by nonparallelism between the camera lens and the glass plate induced only small errors in the mapping to three-dimensional coordinates. Indeed, when parallelism was compromised because of camera orientation, the distortions of the brass cube were immediately apparent in the camera images. As a result, the camera position was refined until the distortions were no longer apparent by mere inspection. The final distortions were quantified using the root-mean-square error. 32 In the recordings to be presented later, the computed linearization error was 9.1%, which was presumably introduced by camera orientation.
Mathematically the LA method may be explained as follows. First, there is a mapping f of the three-dimensional physical domain R 3 in a two-dimensional image R 2 ͑camera view͒; see Fig. 3 . By recording images through a prism, the camera view is split and the image domain can be regarded as two two-dimensional spaces R 2 ϫR 2 , or as a subspace of R 4 . For computational reasons ͑e.g., matrix inversion͒, the physical domain was expanded from R 3 to R 4 to yield a mapping: f :R 4 ‫ۋ‬R 4 . The added fourth dimension in the physical domain served as a dummy dimension. Linear mappings are uniquely determined by the mapping of the basis vectors of the domain. As basis vectors, the three orthogonal directions of the brass cube were chosen, with the origin of the coordinate system at the left upper corner of the cube 0 ជ 3-D ; see Fig. 3 :
A fourth orthogonal basis vector, b 4 ជ was chosen, which spanned the introduced fourth dimension. The basis vectors were mapped by the split camera view ͑Fig. 3͒ into
The linear mapping f from the three-dimensional physical world to the split camera view could now be described by a matrix F. Finally, the three-dimensional physical coordinates v ជ 3-D of the sutures were computed by multiplying the images coordinates v ជ rec by the inverse matrix F Ϫ1 :
For better computational results, the entries of F were optimized using the Nelder-Mead Algorithm, 33, 34 which has successfully optimized parameters of theoretical models to fit measured vocal fold vibration patterns. 
D. Data analysis
Because some sutures were not visible during portions of the glottal cycle, not all sutures could be extracted for an analysis. In particular, the two most superior rows ͑sutures 16 -25, Fig. 2͒ , which were placed on the superior surface of the vocal fold, could not be extracted over the entire glottal cycle. Hence, the quantitative investigations for the later reported recording R1 were restricted to sutures No. 1-15 ͑e.g., the lower three rows͒, which were placed on the medial surface of the vocal fold. For the other analyzed recording ͑R2͒, additionally, sutures no. 1,6,11 were not considered, since the extracted displacements were very small ͑i.e., 1-2 pixels͒ and therefore not appropriate for further computation. The analysis was performed over a time period of 100 ms, or 200 frames. The acoustically measured fundamental frequency ranged from 180-220 Hz for chest-like phonation and from 30-80 Hz for fry-like phonation.
Displacements, velocities, and accelerations were computed over the entire medial surface of the vocal fold. To further probe mechanisms of sustained oscillation, Empirical Eigenfunctions ͑EEF͒ were also computed. Because EEFs have been described in earlier work, 16 ,17,36 they will not be explained here in detail. Conceptually, they may be viewed as
In previous computational studies, essentially constant EEFs explained a variety of periodic and aperiodic vocal fold vibration patterns, which were distinguished primarily by the entrainment ͑i.e., the same fundamental frequency͒ or lack of entrainment of the EEFs. 10, 17 
III. RESULTS AND DISCUSSION
The hemilarynx model was adapted for the in vivo canine, yielding a clear view of the medial surface of the vocal fold, and opening the door for future detailed examination of the influence of the thyroarytenoid muscle on phonation. Improvements to the experimental setup and calibration procedure yielded high quality recordings and quantitative results. In comparison to previous hemilarynx studies, the entire medial surface of the vocal fold was imaged, instead of just one coronal cross section. 16 Furthermore, three-dimensional vibrations were reported in the present investigation, in comparison to previous computational and experimental studies in which only two-dimensional vibrations were reported ͑e.g., anterior-posterior vibrations were ignored͒. 10, 16, 17 For this in vivo hemilarynx, phonation threshold pressure occurred at 1.2 kPa, and phonation was observed across a subglottal pressure range of 1.2-3.7 kPa. Phonation was also observed across a range of RLN stimulation from 0.04 -0.08 mA. The original design of this experiment was to report a variety of vibrations as a function of the stimulation current to the RLN. However, this was not a stable input measure with which to differentiate the different vibration patterns. That is, both chest-like and fry-like vibrations were observed across the entire range of current stimulations.
As shown in Nasri et al., 37 the TA stimulation ͑as measured by electromyography or EMG͒ is a sigmoidal, or step function of the RLN stimulation current ͑or voltage͒. In particular, over a very narrow range of RLN stimulation current, the TA activity varied from 0% to 100% of maximum stimulation. Thus, with only a small amount of input noise, the resultant TA activity may be completely unknown. Perhaps due to this phenomenon, in the present study, the recorded vibration patterns occurred randomly with respect to the input RLN stimulation current.
Nevertheless, the Nasri et al. 37 study also reported that robust measures of TA activity ͑expressed in the percentage of maximum stimulation͒ could be estimated based on the dynamical range of subglottal pressure. For the present study, the dynamical range of subglottal pressures was 1.2-3.7 kPa. Using the empirical relationship from Nasri et al., 37 periodic, chest-like phonation was observed in the range of 12%-37% of maximum TA stimulation ͑corresponding to a subglottal pressure of 1.2-2.2 kPa͒. Fry-like phonation was observed in the range of 37%-100% of maximum TA stimulation ͑cor-responding to a subglottal pressure of 2.2-3.7 kPa͒, characterized by low fundamental frequencies ͑30-80 Hz͒, irregular oscillations, and pulse-like vibrations, with relatively long periods of glottal closure. Within the range of chest-like vibrations, fundamental frequency increased with increasing TA activity. However, beyond a certain threshold of TA activity, fundamental frequency abruptly dropped, resulting in fry-like vibrations. Similar phenomena have been previously observed and predicted. [38] [39] [40] [41] For example, it is known that TA activity causes the TA muscle to simultaneously stiffen and contract. If the muscle itself were a significant component of the vibrating tissue ͑presumably this would be the case in chest voice͒, as TA activity was increased, the increased stiffness of the TA would result in an increase in the fundamental frequency. Because abrupt jumps between registers ͑bifurcations͒ commonly occur for small changes in some input parameter, it is not surprising that an abrupt jump is observed between chest-like and fry-like vibrations for some critical threshold of maximum TA stimulation. However, if the tissue vibrations only occurred in the cover ͑pre-sumably this would be the case in vocal fry͒, as TA activity were increased, the contraction of the TA would also shorten the cover, decreasing the stiffness in the cover, and thereby decreasing the fundamental frequency. Future studies will report further details regarding the dynamics of the fry-like vibrations observed in the in vivo canine larynx.
In this study, we focus on the details of two chest-like vibrations at 33% ͑R1͒ and 12% ͑R2͒ of TA activity, respectively. The details regarding these two phonations are summarized in Table I . Exemplarily, the reconstructed physical positions of the sutures for one frame within R1 are illustrated in Fig. 4 . For orientation in this figure, glottal airflow initiated inferiorly and proceeded superiorly through the hemiglottis. Zero in the ''lateral'' dimension denoted the glottal midline, or the position of the glass plate. The axis coordinates denoted distances from the chosen origin: the left upper corner of the cube at the glass plate; see Fig. 3 . Maximum displacements, velocities and accelerations and decelerations occurred midway between the anterior and posterior extremes of the membranous vocal fold, near the superior extreme of the medial surface ͑Suture Nos. 12, 13, 14; see Fig. 4͒ , the location where the mucosal wave is expected to have the largest displacement. 5 The largest components of displacements occurred in the lateral direction, and the smallest components occurred in the anterior-posterior direction, as previously reported. 13, 42 The sutures with the smallest displacements were near the anterior-inferior edge of the medial surface ͑Suture Nos. 1, 2; see Fig. 4͒ . For both phonatory utterances, the numerical values of extrema for displacements, velocities, and accelerations are summarized in Table II. The influence of the 9.1% linearization error of the calibration on the dynamical variables of displacement, velocity, and acceleration was also computed. This was done by recomputing the dynamical variables after randomly varying the entries of the mapping matrix F up to 6%, which matched the discrepancy to the former reported calibration error of 3.9%. 20 Across the two examples, the maximum deviations of the maximum displacements due to the increased linearization error were as follows: 0.11 ͑lateral͒, 0.07 ͑ver-tical͒, and 0.04 mm ͑anterior-posterior͒. The maximum discrepancies were 0.06 mm/ms for maximum velocity, and 0.02 mm/ms 2 for maximum acceleration and deceleration. The stability of the mapping matrix F against small distortions was achieved by using orthogonal basis vectors and an optimized condition number. 20 The condition number reflects the linear independency of the matrix entries. With small condition numbers ͑i.e., the minimal value is 1͒ in the mapping matrix F on the order of 3.2-3.6, small disturbances in F resulted in small disturbances in the image. 20 Empirical Eigenfunctions, or the underlying modes of vibration, were also extracted from the two vibration sequences ͑see Table III͒ . For R1, the largest EEF ͑EEF1͒ captured 69.5% of the energy, the second largest EEF ͑EEF2͒ captured 23.6% of the energy, and the third largest EEF ͑EEF3͒ 1.6% of the energy. Hence, the two largest EEFs captured 93.1% of the total energy, and the largest three EEFs captured 94.7%. The two dominant eigenfunctions entrained at a fundamental frequency of 220 Hz and the weaker eigenfunction captured the second harmonic at 440 Hz.
For R2, the largest EEF captured 60.2% of the energy, EEF2 captured 33.1% of the energy, and EEF3 2.5% of the energy. Hence, the two largest EEFs captured 93.3% of the total energy, and the largest three EEFs captured 95.8%. The two dominant eigenfunctions entrained at a fundamental frequency of 180 Hz, and the weaker eigenfunction vibrated at an independent frequency of 70 Hz.
At 33% TA activity ͑R1͒, the spatial EEFs are displayed in Fig. 5 from a frontal aspect, and in Fig. 6 from a sagittal aspect. In Fig. 5 , the three horizontal rows correspond to the three different eigenfunctions EEF1 to EEF3. The five columns correspond to the five vertical columns of sutures on the vocal fold. Zero on the lateral axis indicates the glottal midline. Values larger than zero resulted from computational inaccuracies, which only affect the actual position of the suture, but not the vibrational patterns. Axes are referenced from a chosen origin ͑i.e., upper left corner of the cube͒. The arrows indicate the direction of the suture movement. EEF1 captured an alternating convergent/divergent glottis, e.g., the dotted line captured a relatively divergent glottis and the dashed line captured a relatively convergent glottis. Similar to previous studies, the convergent glottis was associated with a relatively elevated vertical position. EEF2 primarily captured the lateral in-phase movements of the medial surface. For EEF3, it was difficult to discern a clear vibration because of the small amplitudes of vibration. Within R2, similar vibration and entrainment patterns were observed for EEF1 and EEF2. While the 9.1% linearization error of the calibration procedure had a small impact on the computation of the dynamical variables, the linearization error had negligible impact on the computation of the eigenfunctions. The eigenvalues, which quantify the energy or the statistical variance captured by the empirical eigenfunctions, deviated by a maximum amount of 0.2% as a result of the linearization error. The dot product of EEF1 computed with and without the additionally induced linearization error was 0.998, also yielding an error of 0.2%. EEF2 yielded identical results. A similar dot product using EEF3 yielded 0.997, or an error of 0.3%. Theses results were consistent with previous reports, which showed that the computation of empirical eigenfunctions was a highly robust procedure, even in the presence of substantial background noise. 43 Former computational studies 10, 17 and experimental studies with excised larynges 16 have yielded similar underlying eigenfunctions for EEF1 and EEF2, with similar entrainment patterns, which are known to be critical for sustained oscillation. For example, the divergent glottis of EEF1 possesses a relatively low intraglottal pressure, while the alternating convergent glottis possesses a relatively high intraglottal pressure. 44 Thus, this eigenfunction correlated strongly with the intraglottal pressure. The elevated position of the convergent glottis was probably induced by the relatively high subglottal pressure associated with that glottal shape. On the other hand, EEF2 captured the net lateral movement of the medial surface. For the fluid-structure interactions of concern, the transfer of energy from the airflow to the tissue would be optimized if the intraglottal pressure ͑governed by EEF1͒ were in-phase with the net lateral velocity of the vocal fold ͑gov-erned by EEF2͒. Thus, the entrainment or synchronization of EEF1 and EEF2 would facilitate this transfer of energy, enabling sustained vocal fold oscillations.
Whether EEF1 must capture the alternating convergent/ divergent glottal shape or whether it may switch roles with EEF2 is not entirely clear from the experiments to date. The present studies with an in vivo larynx, along with all previous computational studies 10, 17 have indicated that EEF1 captures the alternating divergent/convergent glottis. On the other hand, in a former excised larynx experiment, 16 EEF1 captured the net lateral movement of the vocal fold, and EEF2 captured the alternating convergent/divergent glottis. So it may be that the roles of EEF1 and EEF2 may be reversed, but that both eigenfunctions are essential for sustained oscillation.
A comparison of the relative strengths of eigenfunctions in several investigations is also of note. In clinical endoscopic studies of vocal fold vibration, 36 EEF1 captured 97% of the energy for normal phonation. In this study, it is important to note that only lateral movement, or one-dimensional vibrations were analyzed along the anterior-posterior length of the vocal fold. The EEF1 captured a half wavelength of a sinusoid along the anterior-posterior length of the folds, a characteristic feature of normal vocal fold vibration, as observed from a superior view. Higher-order anterior-posterior modes usually only become significant in an irregular voice. 36 EEFs have also been extracted from finite element models of vocal fold vibration. 10, 17 Because anterior-posterior vibrations were neglected in this model, two-dimensional vibrations were analyzed. In these studies, the two largest EEFs captured about 98% of the total energy. In an excised canine larynx experiment ͑normal phonation͒, which also reported two-dimensional vibrations ͑e.g., anterior-posterior vibrations were neglected here as well͒ the two largest EEFs again, captured 98% of the energy. 16 These results are to be compared with the present three-dimensional study in which the first two eigenfunctions explained about 93% of the energy and the first three eigenfunctions explained about 95% of the energy.
As just mentioned, previous theoretical and experimental studies have neglected anterior-posterior vibrations. 10, 16, 17 The improved spatial resolution (1024 ϫ1024 pixel) of the high-speed digital camera employed in this investigation enabled the study of full three-dimensional movement, including anterior-posterior vibrations. The results are shown in Fig. 6 from a sagittal view. For EEF1, the vertical movement of the superior row was clearly observable. In the lower two rows, little vertical or longitudinal movement was discernable. However, weak anteriorposterior vibrations did exist. Because EEF2 captured primarily lateral vibrations, both vertical and anterior-posterior vibrations were weak, but on the same order of magnitude. Again for EEF3, no unique behavior was discernable.
IV. CONCLUSIONS
This work reported the three-dimensional medial surface dynamics of an in vivo canine vocal fold as a function of RLN stimulation. The RLN stimulation current was not a robust input variable to differentiate the observed vibration patterns. However, an estimate of TA activity did reliably differentiate the vibration types, as did subglottal pressure. It should be noted that RLN innervation stimulates other muscles in addition to the TA, including the PCA ͑posterior cricoarytenoid͒, the LCA ͑lateral cricoarytenoid͒, and the IA ͑interarytenoid͒. However, because the PCA is an abductory muscle that tends to discourage phonation, this branch was clipped for this experiment. In addition, the IA branch was unavoidably clipped with the removal of one vocal fold to implement the hemilarynx procedure. Finally, if the LCA muscle did not adequately adduct the folds to produce phonation, additional external forces are applied to adduct the arytenoid. Thus, in our setup, the TA muscle was the primary muscle and perhaps the only laryngeal muscle dependent solley on RLN innervation.
Nevertheless, in future work, TA activity ͑or a similar measure such as the complex action potential͒ should be measured directly, rather than estimated. The hemilarynx methodology, previously designed for the excised larynx, was adapted for an in vivo canine larynx with thyroarytenoid muscle contraction. For the larynx in this study, chest-like vibrations were observed in the range of 12%-37% of TA activity ͑based on the percentage of maximum stimulation͒. Fry-like vibrations were observed in the range of 37%-100% of TA activity. During the chest-like vibrations, the fundamental frequency increased as a function of increasing TA stimulation. However, beyond a certain threshold in TA stimulation, an abrupt drop in fundamental frequency occurred resulting in fry-like vibration, an expected outcome for high TA and low cricothyroid ͑CT͒ stimulation ͑in the present study, since there was no SLN innervation, there was no presumably stimulation to the CT͒. This phenomenon could be explained in terms of existing theories of TA function. [38] [39] [40] [41] While the underlying modes of vibration were extracted and mechanisms of sustained oscillation were discussed, some difficulties were encountered ͑e.g., airflow leakage, and the inability to simultaneously image the superior and medial surfaces of the vocal fold͒. Nevertheless, areas with high mobility were identified along the medial surface of the vocal fold ͑Fig. 4͒. Furthermore, the EEFs were extracted and mechanisms of sustained oscillation were discussed, showing consistency with previous investigations of computational models 10, 17 and excised larynx experiments. 16 Future refinements need to be made in the imaging procedures in order to track sutures simultaneously on both the superior and medial surfaces of the vocal fold, as has been reported for the excised human larynx. 20 Indeed, this task has been implemented with little difficulty on excised human larynx studies, but was presumably more difficult here because of a small vocal lip that sometimes occurs on the canine vocal fold at the junction of the superior-medial surface. 45 Perhaps this difficulty in imaging the canine larynx can be circumvented by replacing the glass prism, with a more flexible set-up using mirrors. Other concerns included sealing airflow leakage in the posterior glottis, and properly hydrating the folds throughout the experiment. Future studies will also explicitly examine the observed fry-like vibrations of the in vivo canine vocal fold. Future studies will also covary several input variables, such as both RLN and SLN, which will allow other vocal registers, such as a falsetto, to be observed. It is expected that such studies will further illuminate the mechanisms of vocal production, particularly the poorly understood role of the thyroarytenoid muscle in phonation. 46 Ultimately, it would be desirable to extend these studies to independently estimate the mechanical stresses of the various layers of the vocal fold tissues ͑including the body, cover, and ligament͒ as a prelude to predicting tissue dynamics. However, at present, no reliable methods exist to estimate or measure such differential stresses in laryngeal tissue layers.
